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[57) ABSTRACT

In a system and method for enhancing organic oxida-
tion reactions, an organic reactant is brought in contact
with a stable, non-soluble, porous, electronically non-
conductive, inorganic solid (reaction enhancer) in a
fluidic medium to form a reaction mixture of low ionic
strength. The reaction mixture so formed 1s then sub-
jected to an electrifying force thereby enhancing the
chemical reaction. Oxidation reaction products are then
collected.

26 Claims, 2 Drawing Sheets
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OXIDATION OF ORGANIC MATERIALS BY
ELECTRIFIED MICROHETEROGENEQUS
CATALYSIS

BACKGROUND OF THE INVENTION

The present invention relates to systems and methods
for organic oxidation electrochemical reactions and
more particularly to catalysis of said reactions in hetero-
geneous media containing a dispersed solid and a liquid
phase of low ionic strength and in the presence of a low
electrifying force.

In general, chemical reactions can by enhanced by
manipulation of relevant local environmental condi-
tions. The rate of the reaction might increase. This
might also increase selectivity.

Catalysts and enzymes substantially increase the rate
of a reaction even if present in small concentrations.
The mechanism for this enhancement is usually ex-
pressed in terms of reducing the activation energy of the
reaction. Not all chemical reactions can be so enhanced
and they are often enhanced only under a limited set of
conditions.

Reactions may be enhanced by increasing the temper-
ature or pressure. The mechanism for this enhancement
1s usually expressed in terms of increasing the likelihood
of overcoming the activation energy. However, such
enhancement may have undesirable aspects.

Externally applied electric fields affect physical pro-
cesses 1n electrorheological fluids, such as slurries, and
are used in electrophoresis and field-flow fractionation
to separate phases. Reaction rates of many chemical
processes are known to be affected by the presence of
an electric field, as in Friedel-Crafts, decomposition,
proton-transfer reactions, and field-induced effects at
surfaces. However, these applications all involve high
electric field strengths of at least 1000 V/cm or even as
high as several V/A. It is undesirable to use such high
fields because they might result in unwanted ionization
(such as hydrolysis) or cause unwanted reactions to
OCCUT.

In electrolysis, electron transfer is a critical reaction
step. Electrons are provided or removed at appropriate
electrodes. Conventional electrolysis is typically car-
ried out 1in media with high ionic strength, usually pro-
vided by electrolytic solutions or molten salts and with
low applied voltages, typically under 2 volts. The con-
centration of 1ons and salts might be higher than that of
reactants, thereby limiting desired reaction paths (or
providing additional unwanted reaction paths). Fur-
thermore, the limited voltage window in electrolysis
due to the high ion and salt concentration could block
desired reaction paths which might prefer lower cur-
rents. In other words, certain reactions are unreachable
with conventional electrolysis.

In dispersion electrolysis, metal spheres or supported-
metal particles are suspended in a high-impedance me-
dium between feeder electrodes. Due to the small size
of the metal spheres and supported metal clusters, the
unique properties of microelectrodes apply-—electrol-
ysis of small amounts of material in the absence of sup-
porting electrolyte salt. However, the suspension pro-
vides for a large number of particles so that the resulting
macroscopic electrode area 1s large; this makes it possi-
ble to electrolyze relatively large quantities of materal
at the ensemble of microelectrodes. Since dispersion
electrolysis is a form of electrolysis, electron transfer is
a critical reaction step. Dispersion electrolysis has thus
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2

far not been demonstrated for reactions other than
water decomposition, hydrogen oxidation, and oxygen
reduction.

SUMMARY OF THE INVENTION

It is an object of the present invention to enhance
organic oxidation reactions without requiring that the
reaction environment be of high temperature or high
ionic strength.

It is a further object of the present invention to en-
hance organic oxidation reactions without requiring
that the electrifying force be high electric field.

It is a still further object of the present invention to
enhance organic oxidation reactions wherein electron
transfer need not necessarily be a critical reaction step.

These and other objects of the present invention are
achieved by bringing an organic reactant in contact
with a stable, non-soluble, porous, electronically non-
conductive, inorganic solid (reaction enhancer) in a
fluidic medium to form a reaction mixture of low ionic
strength. For non-aromatic reactants, the preferred
reaction enhancer 1s a faujasite-related zeolite; for aro-
matic reactants the reaction enhancer is non-faujasite-
related. The reaction mixture so formed is then sub-
jected to an electrifying force thereby enhancing the
oxidation reaction. Oxidation products are then col-
lected. |

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a reactor for the practice of the present
invention.

F1G. 2 1s a current-time profile of ion-activation.

F1G. 3 shows the reactor used in the examples.

DETAILED DESCRIPTION OF THE
INVENTION

In the practice of the present invention, oxidation
reactions are enhanced by contacting one or more or-
ganic reactants with solids known as reaction enhancers
in a fluidic medium of low 10nic strength and in the
presence of an electrifying force. The reaction enhancer
of the present invention is a stable, non-soluble, porous,
electronically non-conductive, inorganic solid. In par-
ticular, for non-aromatic reactants, the preferred reac-
tion enhancer i1s a faujasite-related zeolite, as defined
further below. For aromatic reactants, the reaction
enhancer is a zeolite which 1s not faujasite-related, or
not a zeolite.

Stability and solubility of the reaction enhancer are
determined in terms of the medium and conditions in
which the imvention is practiced. As used herein, a
stable solid does not appreciably react with the fluidic
medium. Non-soluble means that no appreciable
amount of the solid dissolves in the fluidic medium. For
example, 8-alumina is not stable in water so it could not
be used as a reaction enhancer in water. Electronic
conductivity means direct current conductivity of elec-
trons, as distinguished from ionic conductivity, and is to -
be avoided in order to minimize unwanted effects under
the influence of the electrifying force.

Faujasite-related zeolites are a class of zeolites. In
general, zeolites have high adsorption or absorption,
micro-porosity, stability and non-solubility in water,
crystallinity, and are direct current electronic insula-
tors. Because of their pores, channels or cages, they act
as molecular sieves and can distinguish between mole-
cules interacting with them on the basis of size, shape
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and ionic nature. Many zeolites have a strong ionic
nature and contain charge-compensating cations, typi-
cally alkali-metal or alkaline-earth, which can be ion-
exchanged for other cations such as metal cations or
cationic metal complexes. They can provide a high
ionic strength local environment. As discussed further
below, zeolites are capable of ion-activation.

Zeolite crystals are generally of sub-micrometer to
micrometer size. Reaction enhancers according to the
present invention can be of any size, although it 1s pre-
ferred that they be of sub-micrometer to micrometer
size.

In the present invention, a zeolite or other solid reac-
tion enhancer in fluid suspension in the presence of an
electrifying force has a catalytic effect.

As used herein, zeolites are defined as “crystalline
molecular sieves consisting of three-dimensional frame-
- works composed of tetrahedrally coordinated atoms or
ions bound to one another by oxygen.” Kerr, G. T,,
“Introduction,” in Flank, W. H. and Whyte, T. E., Jr,,
eds., “Perspectives in Molecular Sieve Science,” (ACS
Symposium Series 368): American Chemical Society:
Washington, D.C., 1988, pg. xv., which is incorporated
herein by reference. Traditional crystalline aluminosili-
cate zeolites, as well as substituted crystalline alumino-
silicate structures, in which silicon or aluminum of a
traditional zeolite 1s replaced by an isomorphic atom,
meet this definition. For example, aluminophosphates
(ALPO), silicoaluminophosphates (SAPQO), and metal
substituted analogues of ALPO and SAPO structures
(MAPO and MAPSO, respectively), are zeolites ac-
cording to this definition. These classes are explained
further in Rolison, D. R., “Zeolite-Modified Electrodes
and Electrode-Modified Zeolites,” Chemical Review,
1990, vol. 90, pp. 867-878, which is incorporated herein
by reference.

A subclass of reaction enhancer zeolites according to
the present invention that are particularly important are
“crystalline, hydrated aluminosilicates of group I and
group II elements.” Breck, D. W., “Zeolite Molecular
Sieves”; Wiley: New York, 1974, pp. 4-5, which 1s
incorporated herein by reference. These crystalline
hydrated aluminosilicates have been traditionally
termed zeolites.

The following zeolites can be used as reaction en-
hancers 1n the present invention:

NAME TYPICAL UNIT CELL CONTENTS

Faujasite  (Na2,K2,Ca,Mg)9 s[(A1072)59(8i02)133] - 235 HO

X Nagg[(A102)g6(Si02)10¢] - 264 H20

Y Nasg[A102)56(Si02)136] - 250 H20

Chabazite  Cas[(A107)4(SiO7)g] - 13 H,O

Gmelinite  Nag[(AlO3)5(8i03)16] - 24 H2O

ZK-5 (R,Na3)15[(A102)30(Si02)%¢] - 98 H,0,
where R = [1,4-dimethyl-1,4-diazoniabicyclo
(2,2,2) octane]*+

L Ko{{AlO1)o(5105)77] - 22 H O

Natrolite Na6[(AlO2)16(S102)24] - 16 H2O

Scolecite  Cag{{A107)16(5102)24] - 24 H,0

Mesolite Naj6Ca16[(A102)4s(8i02)72] - 64 HHO

Thomsonite NagCag[(AlO2)20(8102)20] - 24 HyO

Gonnardite NayCas[(A102)s(SiO2)12] - 14 H20

Edingtonite Bas[{A103)4(5103)¢) - 8 H20

Mordenite  Nag[(AlO2)5(Si032)40) - 24 H20

Dachiardite Nas[{(AlO3)s(8107}19] - 12 H,O

Ferrierite ~ Naj sMg2[(A102)s.5(Si02)30.5) - 18 Hy0

Epistilbite  Ca3[(AlO;)6(SiO2)13] - 18 Ho0

Bikitaite Lis[(A102)2(851037)4] - 2 H0

A Naj2[(A1O2)12(Si)2)12] - 27 H20
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These examples are explained further in Table 2.4 of
Breck, supra, pg. 49, which is incorporated herein by
reference. Further examples of zeolites which are effec-
tive as reaction enhancers in the present invention may
be found in Breck, supra, which is incorporated herein
by reference.

Faujasite-related zeolites as that term is used herein
are faujasites and faujasite-type structures (see Breck,
supra at p. 92), such as zeolites X and Y as well as the
closely related zeolite A. They are used as the preferred
reaction enhancer for oxidation of non-aromatic reac-
tants. It is believed that such zeolites are effective be-
cause they have a 3-dimensional porosity with cages
and channels.

This invention is broadly effective for oxidation of
non-aromatic compounds, and particularly olefins with
no more than 6 carbons. For example, the invention
enhances oxtdation of ethylene, propylene, butene, and
cyclohexene. It is also effective for oxidation of satu-
rated compounds, and halogenated compounds.

This invention is broadly effective for oxidation of
aromatic compounds.

Zeolites, such as mordenite L zeolite, which are not
faujasite-related, and other solids which are stable, non-
soluble, porous, and electronically non-conductive, are
used as reaction enhancers for oxidation of aromatic
reactants. This invention has been demonstrated for
oxidation of chlorobenzene and benzene to diols and
quinones.

Inorganic materials such as metallocyano-derived
lattices, borides, phosphides, nitrides, carbides, and
silicides can be used to enhance aromatic oxidation.
Inorganic oxides of material selected from the group
consisting of aluminum, silicon, transition metals, and
alloys, combinations, and mixtures thereof, which are
stable, non-soluble, porous, electronically non-conduc-
tive solids can also be used as aromatic oxidation reac-
tion enhancers according to the present invention. For
example, y-alumina, kaolin (an aluminosilicate that is
not a zeolite), silica, and mixtures thereof can be used as
aromatic oxidation reaction enhancers. The following
materials have been successfully used: y-alumina, kao-
lin, and silica. y-alumina is a further example of a reac-
tion enhancer according to the present invention.

The medium in which the reaction occurs is fluidic.
For example, it can be a gas, a liquid, or a supercritical
fluid. The preferred medium is liquid and the most pre-
ferred is aqueous (containing at least some water).

The fluidic medium should be relatively free of con-
taminants, and of low ionic strength so as to minimize
unwanted ions which might obscure the desired reac-
tion, and so as to minimize unwanted current when the
electrifying force is applied. As used herein, ionic
strength is a measure of the concentration of ions In
solution. Water generally has ionic strength of under
10— molar. Ionic strength of under 0.025 molar suf-
fices, preferably under 0.005 molar.

The use of a reaction enhancer i1n the present inven-
tion does not preclude the use of other additional cata-
lysts or catalytic systems. They may be added to further
increase the reaction rate or the selectivity of the reac-
tion, which is especially desirable in synthesis reactions.
A reaction catalyst or catalytic system may be sup-
ported on the reaction enhancer. Such a supported
catalyst or catalytic system is preferably electronically
nonconductive, so as to avoid dispersion electrolytic

- effects which might interfere with .operation of the

invention.
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As an example of such reaction catalyst or catalytic
system, propylene oxidation is generally catalyzed by
the Pd!1/Cull catalytic system. Using Pd!l/Cul! sup-
ported on faujasite-related zeolites in the present inven-
tion appears to increase the selectivity of propylene
oxidation. Calcined Pd!1/Cu!l-NaY powder appears to
favor propylene oxide as a product whereas non-cal-
cined Pd!!l/Cull-NaY powder appears to favor acetone
as a product. Using NaY powder in practicing the pres-
ent invention without any palladium or copper sup-
ported on the NaY enhances all propylene oxidation
reactions, including oxidation to the epoxy propylene
oxide.

The fluidic medium may also be mixed with other
additives. For example, one or more surfactants, wet-
ting agents, emulsifying agents, and solvents, such as
acetone, might be added.

The fluidic medium-reactant-reaction enhancer reac-
tion mixture (the reaction mixture) remains at low 10nic
strength, as that term was defined earlier.

The electrifying force can be any electrifying force
known in electrochemistry, such as applied electric
potential, electric field, or current. All of these quanti-

ties can be fixed or varied, and some or all of them can
be controlled.

It 1s preferable to control the electric field or the
potential across the reaction mixture rather than the
current. The potential can be adjusted to optimize the
reaction being studied—different reactions work best at
different potentials. Typically, the average electric field
across the reaction mixture is kept under 1000 V/cm,
and preferably, under 250 V/cm to avoid unwanted
ionization and currents. Alternatively, the total poten-
tial drop across the reaction mixture is kept under 1000
V and preferably, under 100 V. At large voltages, the
reaction enhancer may become bound to the electrodes.
The potential drop outside of the reaction mixture
could be greater, for example, 6,000 V, but only the
potential drop across the reaction mixture is relevant
herein.

Alternatively, the current through the reaction mix-
ture 1s kept at no greater than 2 Amp or the current
density is kept at no greater than 10 mA/cm2. Limiting
the current through the reaction mixture 1s important
for several reasons. Firstly, high currents might heat the
reaction mixture, thereby altering the reaction condi-
tions and possibly causing reaction runaway. Secondly,
high currents might interfere with the desired reactions
by forming and encouraging undesirable reactions.

There 1s no minimum (threshold) current—the pro-
cess will effectively work without any current at all.
Average electric fields across the reaction mixture
which are significantly less than molecular electric
fields {(on the order of 1 V/A) are eftective. Preferably,
the electric field is at least 2.5 V/cm. In the most pre-
ferred embodiment, it is always at least 25 V/cm. Pref-
erably, the potential across the reaction mixture is at
least 1 V and most preferably, at least 10 V. For each
reaction, the optimal minimum (threshold) potential or
electric field, are to be empirically determined.

The electrifying force can be provided by a means
external to the reaction mixture, or by electrodes 1n
contact with the reaction mixture. The latter is prefera-
ble since much of the potential drop might otherwise
occur outside of the reaction mixture.

It 1s feasible to use any of the materials known in
electrochemistry as electrodes. However, matenal,
such as nickel or lead, which oxidizes easily would
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probably not be effective—it might go into the reaction
mixture as ions. Electrodes containing material selected
from the group consisting of platinum, gold, stainless
steel, graphite, titanium, titanium oxide, ruthenium ox-
ide, tantalum, and alloys, combinations and mixtures
thereof are preferred. Films, especially platinum, can be
used on the electrodes. The best results have been ob-
tained with electrodes that are at least 50% platinum,
and stainless steel] has also been found effective. Excel-
lent results have been obtained with a Nafion ® (1100
equivalent weight) coating on the cathode. Nafion ®) is
a DuPont product which contains a selective path for
ions and is water-permeable. Any electrode coating (on
either or both electrodes) which provides a path for
ions, and especially one which is water-permeable, can
be used.

If a liquid reaction medium is selected, the reaction 1s
preferably carried out in a reactor 10 shown in F1G. 1.
Reactor 10 comprises a reaction chamber 12, contacting
means 14, electrifying force means 16, and removal
means (not shown) for removing a product (not shown).

The invention is practiced by introducing the fluidic
medium 18, reaction enhancer 20, reactant 22, and any
additives (not shown) to said reaction chamber 12. The
reactant 22 and reaction enhancer 20 are brought into
contact with each other by contacting means 14 to form
a reaction mixture. The reaction mixture 1s subjected to
an electrifying force by electrifying force means 16 to
produce at least one product. The product is removed
from the reactor.

The contacting means 14 i1s means for providing
contact between the reactant 22 and the reaction en-
hancer 20. As an example, the contacting means 14 can
be a gas- or liquid-phased fluidized bed reactor contain-
ing the reaction enhancer 20 so that the reactant 22 can
be passed through the fluidized bed reactor.

In the preferred embodiment, the contacting means
14 is a means for uniformly dispersing the reactant 22
and reaction enhancer 20, in suspension or otherwise, in
the fluidic medium 18, and bringing the reactant 22 and
reaction enhancer 20 in contact with each other to form
a reaction mixture. For example, the dispersion means
can be means for passing a gas through the reaction
mixture, pumping or recirculating the reaction mixture,
using an ultrasonicator, or mixing, such as by mechani-
cal stirring, magnetic stirring, or other forms of agita-
tion. The external material providing the dispersion,
such as the gas, the blades or other mixing means, may
be inert, or may take part in the reaction.

In one embodiment, the electrifying force means 16
includes a means for measuring the current through said
reaction mixture, which current i1s generally indicative
of the progress of chemical reactions in the reaction
mixture.

Typically, the reaction mixture formed by bringing at
least one reactant 22 in contact with the reaction en-
hancer 20 in a fluidic medium 18 1s a slurry. This slurry
is usually a heterogeneous medium containing a dis-
persed solid (the reaction enhancer 20) and one or more
liquid-phases. In other words, 1t 1s a multiphasic system
in which at least one of the phases has a structure on the
sub-micrometer to micrometer scale.

The reaction mixture is of low ionic strength so as to
minimize unwanted ions which might obscure the de-
sired reaction, and so as to minimize unwanted back-
ground current under the influence of the electrifying
force. -
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The optimum range of temperatures and pressures
under which the invention is carried out are to be em-
pirically determined. Under the ideal conditions, a bal-
ance is found between solubility, reaction rate, current,
and volatility, all of which generally increase with 1n-
creased temperature. It is preferable that the conditions
be such that the fluidic medium is liquid, which for
water at 1 atm, is between 0° C. and 100° C. In the
preferred embodiment, the pressure 1s about 1 atm and
the temperature is between about 0° C. and about 50° C.
In a preferable embodiment, the temperature is below
about 20° C. In a still more preferable embodiment, the
temperature is below about 10° C.

The concentration of reaction enhancer should be
such that it does not appreciably increase the viscosity
of the reaction mixture. High viscosity affects transport
mechanism and current. In the preferred embodiment,
the molar concentration of the reaction enhancer is in
the range of about 10—4 to about 10—2 that of the reac-
tant. In the most preferred embodiment, it is about
10—3 that of the reactant. Typically, the reactant con-
centration is in the range of about 10—# to about 101
M. In the most preferred embodiment, it is about 10—3
M.

The amount of time for running the operation is to be
empirically determined.

In the preferred embodiment, this invention is prac-
ticed by activating the reaction enhancer 20 with the
fluidic medium 18 before bringing the reactant 22 and
the reaction enhancer 20 in contact with each other. In
particular, the reaction enhancer 20 is first dispersed in
the fluidic medium 18, thereby forming a preactivation
mixture. The preactivation mixture is then activated by
maintaining it (and continuing the dispersion of reaction
enhancer 20 in it) for sufficient time to reach ionic equi-
librium at low ionic strength, thereby forming an acti-
vated mixture. Activation may take hours for zeolites,
for example. The reactant 22 is then dispersed in said
activated mixture and the reactant 22 and the reaction
enhancer 20 are brought in contact with each other to
form the reaction mixture. The reaction mixture is of
low ionic strength.

The activated mixture or reaction mixture, as well as
the fluidic medium 18, can contain catalysts or other
additives, such as surfactants, wetting agents, emulsify-
ing agents, and solvents, such as acetone. The activated
mixture must be of low ionic strength, as defined earlier.

Activation affects not only the reaction enhancer 20
but the fluid in which it is dispersed. Accordingly, the
activated mixture, and not just the reaction enhancer 20,
is activated. The activated mixture must, of course,
have low ionic strength (low solutional 1onic concentra-
tion).

Activation of preactivation mixtures may be by ion-
activation. In ion-activation, the thermodynamic pro-
cess of reaching ionic equilibrium is achieved by appli-
cation of an electrifying force. lon-activation substan-
tially speeds up the process—ionic equilibriumn may be
reached in minutes, rather than hours. Furthermore,
although an activated mixture activated without apph-
cation of an electrifying force and an activated mixture
activated by ion-activation might have the same mea-
surable ionic concentrations, the ion-activated mixture
is often capable of greater ohmic currents and often
results in reaction mixtures with greater ability to en-
hance reactions.

In general, an ion-activated mixture remains acti-
vated for a period of time after the electrifying force is
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turned off. Typically, it can be used as an activated
mixture as much as an hour later.

Ion-activation is typically practiced by applying the
electrifying force to the preactivation mixture by elec-
trifying force means 16 under the same conditions and
with the same limitations as application of the electrify-
ing force means 16 to the reaction mixture.

The electrifying force means 16 typically has means
for measuring the current through said preactivation
mixture, activated mixture, and reaction mixture, which
current is indicative of the reactions occurring in the
preactivation mixture, activated mixture, and reaction
mixture.

The following alkali metal zeolites have been shown
to ion-activate across electrodes with applied potential
differences of 10 to 100 volts, (25-250 V/cm average
electric fields across the preactivation mixture): NaY,
LiY, KXY, RbY, CsY, synthetic sodium-compensated
mordenite (NaLZ-M), KL, 1% Pt0-NaY, 5% PtV-NaY,
and 10% Pt0-NaY, NaA, NaX, and Pd!!Cull-NaY. In
addition, HY, CaY, and NHs4Y have been shown to
ion-activate.

NaY is the prototypical ion-activating reaction en-
hancer 20. Current is considered indicative of the ionic
state, although in general it need not be so. The current
through the NaY aqueous preactivation mixture typi-
cally rises until reaching a peak after about 1 minute.
The current then typically declines to steady state sev-
eral minutes later, forming an activated mixture. A
current-time profile of such a response is shown in FIG.
2. However, ion-activation need not involve such a
peak. For example, as also shown in FIG. 2, KL may
ion-activate without the peak.

The copending applications by inventors Debra R.
Rolison and Joseph Z. Stemple entitled “Electrified
Microheterogeneous Catalysis,” and “Decomposition
of Halogenated and Polyhalogenated Organic Materials
by Electrified Microheterogeneous Catalysis,” which
applications are filed on the same day that this applica-
tion is filed, are incorporated herein by reference.

EXAMPLES

Having described the invention in general, the fol-
lowing examples are given as particular embodiments
thereof and to demonstrate the practice and advantages
thereof. It is understood the examples are given by way
of illustration and are not intended to limit the specifica-
tion or the claims to follow in any manner.

Experimental Apparatus

All of the following examples were performed using
the reactor shown in cross-section in FIG. 3. This reac-
tor (30) is based on a cylindrical outer tube (32) with a
side arm (34), the bottom of which cylindrical tube
opens onto a tube (36) for inflow of gas. The bottom
part of the tube above the inflow tube is sealed with a
glass frit (38) of medium porosity. An inner hollow
cylindrical tube (40), sealed shut at the bottom but open
on the top, is nested into the outer tube when the appa-
ratus is assembled. The outer electrode (42) is a 5-cm
wide platinum foil welded into a cylinder and fitted
around the inner wall of the outer tube (32). The inner
electrode (44) is a 5-cm wide platinum foil welded 1n a
cylindrical form about the outer surface of the inner
tube (40). The dimensions of the apparatus are chosen so
that when the inner tube (40) is inserted in the outer
tube (32), a toric area between the outer electrode (42)
and the inner electrode (44) is formed, which toric area
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is 5 cm high, with a gap of about 0.4 cm and constitutes
the dispersion cell (46). The diameters of the outer elec-
trode (42) and inner electrode (44) are about 3.0 cm and
2.2 cm, respectively. These feeder electrodes (42,44)
have surface areas of about 85 cm? in contact with fluid
in the dispersion cell (46).

When this experimental apparatus is used in the prac-
tice of the present invention, the outer electrode (42) 1s
maintained at positive potential with respect to the
inner electrode (44) at ground, and they are anode and
cathode, respectively. A d.c.—power supply (Kepco
Model JQE or Sorensen Model DCR-600-1.5B) (50) is
used to so apply and maintain the voltage across the
electrodes. The cell current is determined from the
voltage drop measured across a 10.2 ), 160-watt resis-
tor (48) in series with the cell.

The reaction enhancer and fluidic medium are com-
bined in a vessel, shaken into slurry form, and then put
in the dispersion cell (46).

Dispersion in the liquid medium is maintained by gas
flow through tube (36) and through the frit (38) at the
base of the dispersion cell (46) at the rate of about
80-240 mL/min. The gas flow remains on from about
the time the reaction enhancer—fluidic medium slurry
1s put in the dispersion cell (46) until the time the disper-
sion cell (46) contents are removed. The gas may be an
Inert/non-reactive gas, such as helium, or one of the
necessary reactants or a combination of both types of
gases in order to control or vary the concentration of
the reactant gas(es).

Temperatures in the dispersion cell are monitored
with a2 thermometer immersed in silicone oil placed
inside the inner cylindrical tube (40).

NaY zeolite used in the following examples was ob-
tained in powder form from Strem. To assure a constant
weight, it was used in fully hydrated form by water
equilibrating 1t in an all-glass or plastic chamber over
saturated NH4Cl solution. In other words, this zeolite
powder was stored for at least a day in such a closed

chamber containing a saturated aqueous solution of 40

ammonium chloride.

The reaction enhancer is activated to form an acti-
vated mixture, by dispersing it in 18 Mohm-cm distilled,
filtered and deionized water in the cell and then apply-
ing a voltage with low potential gradient across the
electrodes while dispersion continues. The current
flowing between the electrodes is monitored until it
reaches a steady state, which usually occurs after about
5 to 10 minutes, depending on the actual conditions.
The voltage is then turned off.

The organic compounds, reagents, reactants, and
additional catalysts, if any, are then added to the acti-
vated mixture in the dispersion cell (46) without an
applied potential, and dispersed to form the reaction
mixture. The reaction is “run” by applying a voltage
with low potential gradient across the electrodes simul-
taneously with the continuing dispersion for sufficient
time to form the reaction products.

The cell can be run with the downstream gas phase
trapped in a low temperature trap, such as dry ice/ace-
tone or liquid nitrogen, trapped in a bomb, or recycled
into the dispersion cell for complete reaction, such as by
pressurizing the cell or using an internal cold finger to
condense the volatilized material. The trap (not shown)
1s coupled to side arm (34). After the reaction is run, the
voltage across the electrodes is turned off. The liquid
and the trapped gases are removed from the cell and the
trap, respectively, and analyzed to determine the iden-
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tity and quantity of product and unreacted reactant.
This analysis is performed by traditional analytical
methods such as gas chromatography (with or without
mass spectrometric detection), infrared spectroscopy,
ion chromatography, liquid chromatography, or 'H
nuclear magnetic resonance spectroscopy.

In examples 2a, 2b, and 2¢ below, only the cell con-
tents were analyzed. They were transferred to a separa-
tory funnel and extracted three times with diethyl ether.
The ether and aqueous layers were separated. Zeolites
were filtered from the aqueous phase by vacuum filtra-
tion. This remaining phase was examined for appear-
ance and tested for frothing when shaken. It was
checked for chloride ion with the AgNO3 test (precipi-
tation of AgCl). The ether layer (non-aqueous phase)
was dried over magnesium sulfate (MgSO4) and fil-
tered, and the excess ether was removed with a roto-
evaporator.

EXAMPLE la

Selective partial oxidation of alkenes and, in particu-
lar, oxidation of propylene to acetone, by the mixed
catalytic system of palladium (II) and copper (1I) in the
presence of oxygen and water.

In this example, a water jacket (not shown) sur-
rounded the reactor (30) to control its temperature. The
water jacket was maintained at —1° C.-0° C. The elec-
trodes were platinum.

NaY zeolite as prepared above was ion-exchanged
first in an aqueous solution of PdCl,/NH4OH (1o a
weight loading of 1%), and then in an aqueous solution
of CuCl; (6.5 weight %), to form a Pd11CullY powder.
53.6 mg of this zeolite powder was added to 20 mL of
water and put in the dispersion cell. At about the time
this preactivation mixture was put in the dispersion cell,
a gas flow of 67 mL/min helium was turned on.

After the zeolite dispersed, thus forming the preacti-
vation mixture, an 80 V activation voitage was apphed.
The current peaked at 343 mA after about 60 sec, and
then dropped to 44 mA steady-state current, thus form-
ing the activated mixture. The voltage was then turned
off.

The gas flow was then altered to 37 mL/min prope-
ne+20 mL/min oxygen+28 mL/min helium. The reac-
tion was then “run” by applying 20 V for 60 minutes.
The current rose from an initial 5.9 mA to 8.8 mA after
60 minutes. The voltage was then turned off and the celi
contents were removed.

After filtration, the aqueous phase was stored in air-
tight glass vials sealed with a teflon-coated septum;
these samples were then stored at 4° C. until analyzed
by gas chromatography or gas chromatography-—mass
spectrometry. Products were quantitated by compari-
son to standard solutions of authentic compound mate-
rial. Analysis showed the following products: aceto-
ne—35.2 umol (76% selectivity), propionaldehyde—0.18
umol (3% selectivity), propylene oxide—1.38 umol
(20% selectivity), and acetaldehyde—0.094 umol (1%
selectivity). The acetone to propionaldehyde ratio
(mol/mol) was 29.

No products were found in the bomb. Therefore, all
products were 1n the aqueous phase, and none were 1in
the gas phase.

Without application of the potential and under these
conditions, no products formed. |
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EXAMPLE 1b

Selective partial oxidation of alkenes and, in particu-
lar, oxidation of propylene to propylene oxide, by the
mixed catalytic system of palladium (II) and copper (1I)
in the presence of oxygen and water.

In this example, a water jacket (not shown) sur-
rounded the reactor (30) to control its temperature. The
water jacket was maintained at —1° C.-0° C. The elec-
trodes were platinum.

NaY zeolite as prepared above was ion-exchanged in
an aqueous solution of PdCly/NH4OH (to a weight
loading of 1%). It was then dried at 100° C. and cal-
cined in flowing oxygen at 300° C. for about 2 hours.
This material was then i1on-exchanged in an aqueous
solution of CuCl; (6.5 weight %), to form a Pd!1CullY
calcined powder. 55.0 mg of this calcined zeolite pow-
der was added to 20 mL of water and put in the disper-
sion cell. At about the time this preactivation mixture
was put in the dispersion cell, a gas flow of 100 mL/min
helium was turned on.

After the zeolite dispersed, thus forming the preacti-
vation mixture, an 80 V activation voltage was applied.
‘The current peaked at 270 mA after about 48 sec, and
then dropped to 46 mA steady-state current, thus form-
ing the activated mixture. The voltage was then turned
off.

The gas flow was then altered to 30 mL/min prope-
ne+427 mL/min oxygen+ 31 mL/min helium. The reac-
tion was then “run” by applying 30 V for 60 minutes.
The current peaked on 4 regularly occurring occasions
at 12 mA, and then reached 8.8 mA steady-state current
at about 45 minutes. After the reaction was run, the
voltage was turned off and the cell contents were re-
moved.

Analysis showed the following products: propylene
oxide—2.4 umol (71% selectivity), acetone—0.4 pmol
(12% selectivity), propionaldehyde—0.36 pmol (11%
selectivity), and acetaldehyde—0.22 umol (7% selectiv-
ity). The propylene oxide to acetone ratio (mol/mol)
was 6.

No products were found in the bomb. Therefore, all
products were in the aqueous phase, and none were 1n
the gas phase.

Without application of the potential and under these
conditions, no products formed.

EXAMPLE Ic

This example was prepared as in Example 15 except
that the initial 1on-exchange step was in an aqueous
solution of PA(NH1)4Cl,. It was run and yielded results
as above except as otherwise specified:

55.5 mg PdCuY, 20 mL H,0; platinum electrodes.
ACTIVATION: 113 mL min—1helium, 80 V, 19.3
minutes. T;=0,C. i—t: 1 peak, 33 mA 54 seconds,
followed by ca. 64 mA steady-state current. Elec-
trification: 30 mL min—! propene+30 mL min—!
oxygen-+30 mL min—! helium; 20 V, 60 minutes.
Ti—Tr=0° C. i—t: 1 peak, 14 mA4 minutes, fol-
lowed by 9 mA steady-state current. PRODUCTS:
acetaldehyde, 1.0 um; acetone, 0.24 um; propional-
dehyde, 0.32 um; propylene oxide, 2.8 pm.

This example, as does Example 15, demonstrates
selective partial oxidation of alkenes and, in particular,
oxidation of propylene to propylene oxide, by the mixed
catalytic system of palladium (II) and copper (II) in the
presence of oxygen and water.
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EXAMPLE 1d

Oxidation of alkenes and, in particular, of propylene.
This example was prepared and run as above except as
otherwise specified.

51.8 mg. NaY, 20 mL, HO; platmum electrodes.
ACTIVATION: 100 mL min—! helium, 80 V (0.2
minutes), 58 V (2.8 minutes), 30 V (7.4 minutes).
T;=0° C., T'=3° C. i—t: 1 peak off scale at 80 V (
1 A, 12 seconds), steady state current 30 V 100 mA.
ELECTRIFICATION: 30 mL min—! prope-
ne+27 mL min—! oxygen+30 mL min—! helium;
30 V, 60 minutes. T;=Tr=0° C. i—t: Steady-state
current, initial: 211 mA, final: 172 mA. PROD-
UCTS: post-reaction filtrate: pH 4; acetaldehyde,
110 uM; acetone, 270 uM; propionaldehyde, 800
uM; propylene oxide, 560 uM. Acetic acid (100
uM, propionic acid (5§ uM). 4 additional unidenti-
fied minor products. All reactant and product gases
collected into an evacuated bomb; analyses by
quadrupole mass spectrometry shows no products
above background other than water.

The following examples 1e-1k demonstrate oxidation

of propylene. Except as otherwise specified, they were
prepared and run as stated above.

le: 55.0 mg PdCuY, 20 mL H;O; platinum electrodes.
ACTIVATION: 100 mL min—? helium, 80 V, 10.9 minutes.
T;=0"C, Tr= 1° C. i-t: ] peak, 270 mA @ 48 seconds,
followed by 46 mA steady-state current.
ELECTRIFICATION: 30 mL min-l propene + 27 mL
min—1! oxygen + 31 mL min—! helium; 30 V, 60 minutes.
T; = Tr= 0° C. i-1: 4 broad, regularly spaced peaks (12 mA),
followed by ca. steady-state current at 45 minutes of ca. 10-15 mA.
PRODUCTS: Initial pH of ion-activated solution prior to
addition of products: pH £ 10 (not measured for this
example); post-reaction pH of filtrate: pH = 4. All gases
were trapped in an evacuated bomb and analyzed in a
quadrupole mass spectrometer and no gas-phase products
were observed other than water.
Solution-phase: acetaldehyde, 11 pM; acetone, 20 uM;
propionaldehyde, 18 uM; propylene oxide, 120 uM.
Acetic acid (=1 pM) and propionic acid (=10 uM).
57.9 mg P4CuY, 20 mL H2O; platmum electrodes.
ACTIVATION: 113 mL min—! helium, 80 V, 11.5 minutes.
T;=0"C., Ty= 6" C. i-t: 1 peak, 225 mA, 111 seconds,
followed by ca. 137 mA current (slightly increasing).
ELECTRIFICATION: 30 mL min—! propene 4+ 30 mL
min—1! oxygen + 30 mL min—! helium; 60 V, 20 minutes.
Ti=0"C,Tr= 1" C.i-t: ] peak, 74 mA @ 15 seconds,
followed by 48 mA steady-state current.
PRODUCTS: acetaldehyde, 0.88 uM; acetone, 0.48 uM;
propionaldehyde, 0.46 uM; propylene oxide, 2.24 pM.
52.6 mg PdCuY, 20 mL water.
ACTIVATION: 100% He @ 61 V; activated.
EFEC: 120 mL min—! propene, 40 V (2 minutes) and 102 V
(8 minutes). Frothing observed after Vg5, adjusted to 102 V.
Total EFEC: 10 minutes.
PRODUCTS: 1 product identified, acetone.
50.1 mg PdCuY, 20 mL water.
ACTIVATION: 1009 He @ 30-50 V; activated.
EFEC: 120 mL min—! propene, 30 V (4 minutes) and 60 V
(7 minutes). Frothing observed after Vg, adjusted to 60 V.
Total EFEC: 11 minutes.
PRODUCTS: 2 products unidentified, 1 identified, acetone
(major peak).
It  53.0 mg PACuY, 20 mL water.
ACTIVATION: 100% He @ 50 V; activated.
EFEC: 120 mL min—! propene, 40 V (2 minutes) and 60 V
(10 minutes). Frothing observed after ca. 1 minute @ 60 V.
Total EFEC: 12 minutes.
PRODUCTS: 3 products unidentified, 1 identified, acetone
(major peak).
13 61.5 mg PdCuY, 20 mL water. Note: Nafion filmm covers
ground electrode.
ACTIVATION: 132 mL min—! He @ 102 V; actwated
EFEC: 40-60 mL min—! oxygen + 86 mL min—1 propene,

1f

1h
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-continued

20 V (3 minutes), 40 V (3 minutes), and 20 V (6 minutes).
Frothing noticed at 9 minutes. Total EFEC: 12 minutes.
PRODUCTS: 3 unidentified products and 1 identified, acetone
(major peak).

60.7 mg PdCuY, 20 ml. water. Note: Nafion film covers
ground electrode.

ACTIVATION: 132 mL min—! He @ 102 V; activated.
EFEC: 52 mL min—! He + 86 mL min—! propene, 20 V

(4 minutes), 40 V (3 minutes), 20 V (3 minutes), and 60 V

(5 minutes). No frothing noticed until V4,,; adjusted to 60 V.
Total EFEC: 15 minutes.

PRODUCTS: 4 unidentified products and 1 identified, acetone

(major peak).

1k

EXAMPLE 2aq

Partial dechlorination of chlorobenzene and oxida-
tion of benzene and unreacted chiorobenzene.

In this example, the reactor was not jacketed. It
rested in an ice-water bath and was maintained at 1°-10°
C. The electrodes were platinum and the inner (ground)
electrode had a Nafion ®) film: coated on it by dipping
the electrode in a dilute solution of solubilized Na-
fion ®), removing it, and letting it air-dry/evaporate.
Dispersion was provided by a 140-160 mL /min flow of
helium.

50.8 mg of y-alumina (Al,O3) powder, used as re-
cetved from Aesar, was added to 20 mL of water and
put in the dispersion cell to form a reaction enhancer
suspension density of 2.540 mg/ml.. After the alumina
dispersed, thus forming the preactivation mixture, a 30
V activation voltage was applied. The current did not
peak, but reached 5 mA steady-state current over about
5 mnutes, thus forming the activated mixture. The
voltage was then turned off. This ion-activation proce-
dure may have been superfluous because of the minimal
steady-state current.

0.1 mL of neat chlorobenzene, used as received, was
then added to the activated mixture in the dispersion
cell. After it dispersed (about 5 minutes after addition to
the dispersion cell), thereby forming the reaction mix-
ture, 30 V was applied. The current and temperature
rose unti! after about 5 minutes, the current was greater
than 400 mA and the temperature was higher than 7° C.
At that point, the voitage was lowered to 20 V and
applied at that level for 70 additional minutes, for a total
reaction run time of 75 minutes. The voltage was then
turned off. The contents of the dispersion cell dramati-
cally changed color as the reaction was run.

‘The aqueous phase had a brown color. There was
only minimal frothing when shaken. The AgNOj test
for chloride was positive, indicating the presence of
chloride ions, as confirmed by ion chromatography.

When no electric voltage is applied or no reaction
enhancer 1s used under the above conditions, the aque-
ous phase is colorless, shows minimal frothing, and has
negligible chionde, indicating that no reaction has oc-
curred.

The ether extract was yellow and evaporated to a
yellow oil. Gas chromatography-mass spectrometry
analysis showed & products The major identified prod-
~ucts were chlorobenzene, chlorobenzoquinone, and
benzoquinone. Also present were chloro-(1,3)-ben-
zenediol, chloro-(1,2)-benzenediol, and 1,2-benzenediol.
There were also 2 unidentified products.

These results are indicative of partial dechlorination
of chlorobenzene to benzene and oxidation of benzene
and unreacted chlorobenzene to diols and quinones.
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EXAMPLE 2b

Partial dechlorination of chlorobenzene and oxida-
tion of benzene and unreacted chlorobenzene.

In this example, the reactor was not jacketed. It
rested in an ice-water bath and was maintained at 1°-10°
C. The electrodes were platinum and the inner (ground)
electrode had a Nafion ®) film prepared as above. Dis-
persion was provided by a 140-160 mL/min flow of
helium.

51.9 mg of kaolin powder, used as received from J. T.
Baker, was added to 20 mL of water and put in the
dispersion cell to form a reaction enhancer suspension
density of 2.595 mg/mL. After the kaolin dispersed,
thus forming the preactivation mixture, a 30 V activa-
tion voltage was applied. The current did not peak, but
reached 70 mA steady-state current, thus forming the
activated mixture. The voltage was then turned off.

0.1 mL of neat chlorobenzene, used as received, was
then added to the activated mixture in the dispersion
cell. After it dispersed, thereby forming the reaction
mixture, 30 V was applied. The current and tempera-
ture rose until after about 5~10 minutes, the current was
greater than 400 mA and the temperature was higher
than 6° C. At that point, the voltage was lowered to 20
V and applied at that level for a total reaction run time
of 80 minutes. The voltage was then turned off. The
contents of the dispersion cell dramatically changed
color as the reaction was run.

The aqueous phase had a light yeliow color. There
was slight frothing when shaken. The AgNQOj3 test for
chloride was positive, indicating the presence of chlo-
ride 1ons, which was confirmed by ion chromatogra-
phy.

When no electric voltage i1s applied or no reaction
enhancer 1s used under the above conditions, the aque-
ous phase 1s colorless, shows minimal frothing, and has
negligible chlonde, indicating that no reaction has oc-
curred.

The ether extract was yellow and evaporated to a
yellow o1l. Gas chromatography—mass spectrometry
analysis showed 1 unidentified and 8 identified prod-
ucts. The major identified products were chloroben-
zene, chlorobenzoquinone, and benzoquinone. Also
present were chloro-(1,2)-benzenediol, chloro-(1,3)-
benzenediol, 1,2-benzenediol, 1,3-benzenediol, and 2-
methyl-2-pentenal.

These results are indicative of partial dechlorination
of chlorobenzene to benzene and oxidation of benzene
and unreacted chlorobenzene to diols and quinones.

EXAMPLE 2c

Partial dechlorination of chlorobenzene and oxida-
tion of benzene and unreacted chiorobenzene.

In this example, the reactor was not jacketed. It
rested in an ice-water bath and was maintained at 1°-10°
C. The electrodes were platinum and the inner (ground)
electrode had a Nafion ®) film prepared as above. Dis-
persion was provided by a 140-160 mL/min flow of
helium.

0.191 g of silica (8102) powder, used as received from
Aldrich, was added to 20 mL of water and put in the
dispersion cell to form a reaction enhancer suspension
density of 9.550 mg/mL. After the silica dispersed, thus
forming the preactivation mixture, a 30 V activation
voltage was applied. The current did not peak, but
reached 35 mA steady-state current, thus forming the
activated mixture. The voltage was then turned off.
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This ion-activation procedure may have been superflu-
ous because of the minimal steady-state current.

0.1 mL of neat chlorobenzene, used as received, was
then added to the activated mixture in the dispersion
cell. After it dispersed, thereby forming the reaction
mixture, 30 V was applied. The current and tempera-
ture rose until after about 34 minutes, the current was
greater than 600 mA and the temperature was higher
than 20° C. At that point, the voltage was lowered to 15
V and applied at that level for a total reaction run time
of 65 minutes. The voltage was then turned off. The
contents of the dispersion cell dramatically changed
color as the reaction was run. |

The aqueous phase had a light yellow color. There
was minimal frothing when shaken. The AgINOj test for
chloride was positive, indicating the presence of chlo-
ride ions, which was confirmed by ion chromatogra-
phy.

When no electric voltage is applied or no reaction
enhancer is used under the above conditions, the aque-
ous phase is colorless, shows minimal frothing, and has
negligible chloride, indicating that no reaction has oc-
curred.

The ether extract was yellow and evaporated to a
yellow oi1l. Gas chromatography-mass spectrometry
analysis showed 2 unidentified and 6 identified prod-
ucts. The major identified product was chlorobenzene.
Also present were chloro-(1,3)-benzenediol, chloro-
(1,2)-benzenediol, chlorobenzoquinone, benzoquinone,
and 1,2-benzenediol.

These results are indicative of partial dechlorination
of chlorobenzene to benzene and oxidation of benzene
and unreacted chlorobenzene to diols and quinones.

- The following additional examples demonstrate aro-
matic oxidation. Except as otherwise stated, they were

prepared and run under the conditions and parameters
stated above.

2d 54.7 mg KL (suspension density = 2.735 mg mL—1).
ACTIVATION: Vg1 = 30V (60 V cm™ 1); no peak
observed, 300 mA steady-state current.

EFEC: Vgppt = 30 V, adjusted to 20 V when current

> 700 mA and temperature >15° C.

Tota] EFEC: 52 minutes.

PRODUCTS: Aqueous phase; light yellow-brown color,
frothing observed upon shaking, positive chlonde test.
Non-aqueous phase; yellow oil.

58.5 mg LZ-M-S§ (mordenite), suspension density =

2.925 mg mL— 1.

ACTIVATION: Vgpy = 20V (40 Vem— 1)

180 mA peak current @ ca. 130 seconds, followed by

140 mA steady-state current. EFEC: Vg1 = 20 V;
steady current for ca. 500 seconds (i.e., no reaction).
Increased Vg,prto 40 V and adjusted to 30 V, and then to
20 V, when current >450 mA at each voltage. Total EFEC:
60 minutes.

PRODUCTS: Aqueous phase; brownish-yellow color,
minimal frothing when shaken, positive chloride test.
Non-aqueous phase; yellow o1l. GC-MS results: 5 unidentified
products and 10 identified; chlorobenzene (major peak),
chlorobenzoquinone, chloro-(1,2)-benzenedio],
chloro-(1,3)-benzenediol, benzoquinone, 1,2-benzened:iol,
1,3-benzenediol, 4-(1-methyl-1-phenethyl)-phenol,
ethenylbenzene, 2-methyl-2-pentenal.

50.6 mg T-Al>Oj3 (suspension density = 2.530 mg mL—1).
Note: Nafion film covers ground electrode.
ACTIVATION: Vgpo; = 100 V (200 V ecm~!); no peak
observed, ca. 20 mA steady-state current.

EFEC: Vgp,1 = 100 V, adjusted to 30 V when current

> 150 mA and temperature >6° C.; current subsequently
increased 10 >700 mA and temperature >12° C,

Total EFEC: 65 minutes.

PRODUCTS: Aqueous phase; brownish color initially and
yellow-brown after filtration (particles adsorbed most of the
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-continued

dark-colored solution products), good frothing initially but
minimal after filtration, positive chloride test. Non-aqueous
phase; yellow oil. GC-MS results: 5 unidentified products and
9 identified; chlorobenzene (major peak),
chlorobenzoquinone, chloro-(1,2)-benzenediol (major peak),
chloro-(1,3)-benzenediol (major peak), 1,2-benzenediol,
I,3-benzenediol, benzoquinone, ethenylbenzene,
2-methyl-2-pentenal.

-

It is understood that many other changes and addi-
tional modifications of the invention are possible In
view of the teachings herein without departing from the
scope of the invention as defined in the appended
claims.

What 1s claimed is:

1. A method for oxidizing at least one organic reac-
tant comprising the steps of:

(a) bringing the at least one organic reactant in
contact with at least one reaction enhancer in a
fluidic medium to form a reaction mixture of low
ionic strength, said at least one reaction enhancer
being a stable, non-soluble, porous, electronically
non-conductive, inorganic solid;

(b) subjecting said reaction mixture to an electrifying
force thereby forming an oxidation product by
oxidation of the at least one organic reactant, said
subjection being carried out in such a manner that
said at least one reaction enhancer enhances the
oxidation of the at least one organic reactant to
form the oxidation product; and

(c) collecting the oxidation product.

2. The method according to claim 1 wherein the at
least one organic reactant is a non-aromatic compound.

3. The method according to claim 1 wherein the
reaction mixture has solutional ionic concentration of
less than 0.005 molar.

4. The method according to claim 1 wherein the at
least one organic reactant is aromatic and said at least
one reaction enhancer is selected from the group con-
sisting of non-zeolites and non-faujasite-related zeolites.

5. The method according to claim 4 wherein said at
least one reaction enhancer is selected from the group
consisting of vy-alumina, a-alumina, kaolin, silica, and
mixtures thereof.

6. The method according to claim 2 wherein said
reaction enhancer is a faujasite-related zeolite.

7. The method according to claim 6 wherein said
faujasite-related zeolite supports one or more catalytic
systems.

8. The method according to claim 6 wherein said
faujasite-related zeolite supports one or more electroni-
cally non-conductive reaction catalysts.

9. The method according to claim 8 wherein said
faujasite-related zeolite supports one or more catalytic
systems.

10. The method according to claim 1 wherein said
electrifying force produces an electric field of at least
2.5 mV/cm in said reaction mixture.

11. The method according to claim 10 wherein said
electrifying force produces an electric field of at least 25
mV/cm in said reaction mixture.

12. The method according to claim 1 wherein said
electrifying force produces an electric potential of at
least 10 Volts across said reaction mixture.

13. The method according to claim 4 wherein the at
least one organic reactant is selected from the group

‘consisting of benzene and chlorobenzene.
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14. A method for oxidizing at least one organic reac-

tant comprsing the steps of:

(a) dispersing at least one reaction enhancer in a flu-
idic medium to form a preactivation mixture, said
dispersal occurring in the absence of the at least
one organic reactant, said reaction enhancer being
a stable, non-soluble, porous, electronically non-
conductive, inorganic solid;

(b) subjecting said preactivation mixture to a first
electrifying force in the absence of the at least one
organic reactant until said preactivation mixture
reaches ionic equilibrium, thereby forming an acti-
vated mixture of low 1onic strength;

(c) dispersing the at least one organic reactant in said
activated mixture to form a reaction mixture of low
ionic strength:;

(d) subjecting said reaction mixture to a second elec-
trifying force thereby forming an oxidation prod-
uct by oxidation of the at least one organic reac-
tant, said subjection being carried out in such a
manner that said at least one reaction enhancer
enhances the oxidation of the at least one organic
reactant to form the oxidation product; and

(e) collecting the oxidation product.

15. The method according to claim 14 wherein the at

least one organic reactant is a non-aromatic compound.

16. The method according to claim 14 wherein the

activation mixture and the reaction mixture each have
solutional ionic concentrations of less than 0.005 molar.

17. The method according to claim 14 wherein the at
least one organic reactant is aromatic and said at least
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one reaction enhancer 1s selected from the group con-
sisting of non-zeolites and non-faujasite-related zeolites.

18. The method according to claim 17 wherein said at
least one reaction enhancer is selected from the group
consisting of vy-alumina, a-alumina, kaolin, silica, and
mixtures thereof.

19. The method according to claim 1§ wherein said
reaction enhancer is a faujasite-related zeolite.

20. The method according to claim 19 wherein said
faujasite-related zeolite supports one or more catalytic
systems.

21. The method according to claim 19 wherein said
faujasite-related zeolite supports one or more electroni-
cally non-conductive reaction catalysts.

22. The method according to claim 21 wherein said
faujasite-related zeolite supports one or more catalytic
systems.

23. The method according to claim 14 wherein said
second electrifying force produces an electric field of at
least 2.5 mV/cm in said reaction mixture.

24. The method according to claim 23 wherein said
second electrifying force produces an electric field of at
least 25 mV/cm in said reaction mixture.

25. The method according to claim 14 wherein said
second electrifying force produces an electric potential
of at least 10 Volts across said reaction mixture.

26. The method according to claim 9 wherein the at
least one organic reactant is selected from the group

consisting of benzene and chlorobenzene.
% X & *x |
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